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Drained and undrained triaxial compression tests were 
performed on two gradations of crushed glass in order to 
determine the compressibility and shear strength character-
istics. Consolidation pressures varied from 10 to 100 psi. 
Volume changes during consolidation were discussed 
because of the dependency of shear strength behavior on the 
density condition at the end of consolidation. 
Stress-strain-volume change characteristics were 
observed in order to discuss the load-deformation and dila-
tancy relationships and the effects of varying density, 
gradation and consolidation pressure. Stress-strain pro-
perties were also determined for the undrained tests. The 
undrained tests were constant volume tests, thus having no 
dilatancy effects. The undrained tests did have changes in 
pore pressure which reflected volume change tendencies. 
Variations in the modulus of deformation, which is 
analogous to the modulus of elasticity, with respect to con-
solidation pressure, gradation, density and drainage con-
dition were reported. 
Shear strength was analyzed in terms of failure envel-
opes developed by series of tests having the same initial 
density and in terms of the maximum friction angles devel-
oped on an individual test basis. Effects of varying density, 
gradation and consolidation pressure were noted. The un-
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I. INTRODUCTION 
High cost, pollution problems and degradation to the 
appearance of the landscape are among the aspects of one of 
todayrs fast growing problems - waste disposal. Glass is a 
common waste material which presents a special problem: it 
can not be burned like ordinary paper waste products, and 
it will not appreciably decompose with time. Cities are 
forced to dispose of large quantities of glass daily, and 
the problem is increasing due to the increased usage of one-
way bottles. 
''Reports show that in 1967, each person in the United 
States used and then disposed about 380 bottles - soda pop 
bottles, beer bottles and the like. Figures also show that 
in 1960, there were 1.8 billion bottles used in the beer 
industry. By 1967, there were six billion used. In 1968, 
figures say that the soft drink industry produced about 4.5 
billion throw-away bottles and in five years, will produce 
about 15 billion one-way soda pop bottles."1 
The possibility of using glass as a bituminous aggre-
gate was conceived by a UMR student, and some testing was 
performed during the summer of 1968. A study was conducted 
during the summer of 1969, under the direction of Dr. Ward 
Malisch of the Civil Engineering Department, to determine 
1This quotation and other parts of the introduction are 
taken from "Here's one for the Road", Interface, Vol. 1, No. 
1, University of Missouri - Rolla, Office of Public Infor-
mation. 
l 
the feasibility of using glass as an aggregate to mix with 
asphalt. This possible use of glass caused Dr. James C. 
Armstrong of the Civil Engineering Department to question 
the possible use of crushed glass as a substitute for sand 
or crushed stone for sub-base and base courses under pave-
ments. 
In some cities the amount of waste glass disposed in a 
given time period is approximately equal to the amount of 
sand and stone purchased for bituminous roads and streets. 
If glass could be used in the cities where it collects, the 
disposal problem would be solved and the money saved by 
purchasing less sand and stone could partially offset the 
cost of collecting and crushing glass. Crushed glass could 
also be a good substitute aggregate in municipalities which 
have no easy access to sources of conventional granular 
materials. 
The object of this investigation is to measure the 
shear strength and compressibility characteristics of 
crushed glass and to analyze the data according to some of 
the existing concepts developed for other types of granular 
materials. 
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II. REVIEW OF LITERATURE 
The behavior of a mass of individual particles, such 
as a granular soil, can not be completely described by ap-
plying only the theories developed for a continuous media. 
The oldest and still most widely used equation for the 
shear strength of a particulate material is Coulomb's equa-
tion (1773) given as: 
s = c + crf tan ¢ 
where: 
c = the cohesion 
a£ = the normal stress on the failure plane 
¢ = the angle of internal friction. 
(II-1) 
Coulomb's equation was developed from the basic law 
which states that the frictional force required to produce 
motion is directly proportional to the normal force beti<.reen 
the sliding surfaces and independent of the area of contact. 
This law is commonly referred to as Amonton's Law (1699) but 
was proposed earlier by Leonardo da Vinci (1452-1519). 
Coulomb's equation combined with Mohr's theory of fail-
ure and later modified for effective stresses by Terzaghi 
(1923) is given by: 
a ' = a ' tan 2 ( 4 5 + ¢I 2) + 2 c tan ( 4 5 + ¢I 2) (I I- 2) 1 3 
where: 
a 1 ' =major effective principal stress 
a~' =minor effective principal stress. 
;) 
The equation predicts a straight failure plane oriented at 
an angle of (45 + ¢/2) to the major principal plane. 
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The concept of a straight failure plane and shear par-
allel to this plane suggests a failure with no volume change 
as would be the case for two blocks of material in a simple 
friction test. Reynolds (1885) showed that dense sands ex-
pand at failure, which he named 'dilatancy', and that loose 
sands contract during shear to failure. This showed that 
particle movements during deformation are not necessarily in 
the direction of the applied shear stress. Mohr-Coulomb 
theory is thus strictly valid only for a body which shears 
without volume change. 
No practical value was made of Reynolds' experiments 
until Casagrande (1936) demonstrated the dependence of the 
friction angle, ¢ , of a sand on the void ratio and the 
max 
associated volume changes during shear. He showed that 
dense sands dilate during shear and develop a high friction 
angle while loose sands compress during shear and develop a 
smaller friction angle. He defined a critical void ratio 
as that density condition at which a sand will shear with 
4 
no volume changes, and subsequently (Casagrande (1938)) show-
ed that the critical void ratio decreases as the confining 
pressure acting on the sand is increased. 
Taylor (1948) attributed the shearing strength of a 
sand to two factors, the internal, frictional resistance 
between grains, and a second factor called interlocking 
which is associated with volume changes. He claimed that 
interlocking contributes a large portion of the strength of 
dense sands and does not occur in very loose sands. 
Interlocking may be thought of as supplying the energy that 
is used for volume increase~ Taylor's expression for the 
volume change component of the shear strength in a direct 
shear test is: 
Te = on dh/dx 
where: 
(II-3) 
Te = shear stress required to provide energy of 
expansion 
on = applied normal stress 
dx = increment of shear deformation 
dh = corresponding increment in thickness of the 
sample. 
Taylor defined three types of critical void ratios. 
The Casagrande critical void ratio is the initial void 
ratio that corresponds to no change in volume at the peak 
point of a drained test. The constant-cr3 critical void 
ratio is the void ratio after consolidation that corresponds 
to no change in volume at the peak point. The constant-
volume critical void ratio is the void ratio after consoli-
dation corresponding to no change in cr 3 ' at the peak point 
of a constant-volume test. He concludes that the constant-
cr 3 and constant-volume critical void ratios differ by small 
amounts. 
Bishop and Eldin (1950) made a significant contribution 
5 
to the principles controlling the undrained strength of sand. 
A summary of their theoretical consideration and test re-
sults may be stated as follows: 
1. The angle of shearing resistance measured in a 
series of undrained tests on saturated samples is, in gen-
eral, close to zero for all types of soils. Soils with low 
compressibility relative to the compressibility of water 
-4 4 (less than 3 x 10 psi compared with 3.4 x 10- psi for 
water) should be the only exception to the rule, and ap-
preciable friction angles may be measured if low compres-
sibility is combined with a strongly dilatant structure. 
2. Reasons for large friction angles to be measured on 
apparently saturated samples include: 
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a. Small deviation from full saturation due to en-
trapped air or voids formed from stress release after deep 
sampling, and 
b. Cavitation caused by excessive negative pore 
pressures produced during shear by a strongly dilatant 
structure. 
Cavitation causes an angle equal to the angle of internal 
friction to be measured. Both effects disappear at higher 
cell pressures. 
3. It is not necessary to assume appreciable values 
for the contact-area ratio between soil grains in order to 
develop a theory consistent with test results in cases where 
the friction angle is not negligible. 
In a subsequent study, Bishop and Eldin (1953) found 
that in undrained tests the maximum value of principal stress 
ratio generally occurs at a small strain (about 5%), while 
the maximum deviator stress occurs at a larger strain (15-
30%) and corresponds to a lower principal stress ratio. 
In drained tests, in which one principal stress remains con-
stant, the maximum principal stress ratio and the maximum 
deviator stress occur at the same strain, and for dilating 
samples an appreciable part of the apparent frictional 
strength is required to expand the sample against the con-
fining pressure. They found the frictional strength in 
drained tests which had been corrected for dilatancy to be 
in good agreement with the maximum frictional strength mo-
bilized in undrained tests. The drained friction angle and 
the maximum undrained friction angle were found to be in-
dependent of stress history, but the amount of strain needed 
to mobilize the internal friction was different for differ-
ent stress histories. 
There was found to be no gain in the undrained strength 
for a series of identical samples consolidated under the 
same pressure and tested at different cell pressures. The 
undrained strength for samples consolidated under different 
pressures may be expressed as an apparent cohesion, cu, 
which is almost directly proportional to the consolidation 
pressure, p. Consolidation pressure is taken as the major 
principal effective stress for anisotropically consolidated 
samples. (c /p) is a useful parameter for expressing the 
u n 
gain in strength with consolidation pressure. The (cu/p)n 
ratio for anisotropic consolidation with no lateral yield 
was found to be less than one-third that for isotropic con-
solidation under the same pressure. 
Penman (1953) measured the properties of a saturated 
7 
silt by performing a series of drained and a series of un-
drained triaxial compression tests. From his drained tests 
he concluded that the strength can be mainly attributed to 
friction between the grains and dilatancy with dilatancy 
increasing with increased density. He found the peak-point 
8 
strength corrected for dilatancy, ¢D, to be in fair agreement 
with the residual strength, ¢R, which occurs when there is 
no further dilatancy. Values of ¢D and ¢R were found to 
decrease with increasing void ratio and to decrease with in-
creasing load. An increase in void ratio or an increase in 
load increases the load per particle contact. The decrease 
in angles is attributed to a decrease in the coefficient of 
friction at higher stresses. He also concluded that the 
angles, ¢n and ¢R, agree fairly well with friction angles 
determined by other means including simple friction tests. 
Penman 1 s equation for the portion of the deviator stress 
used to overcome dilatancy is: 
F = o + Zcr~ oV l :;; 
3 67i 
where: 
F = force used to cause dilatancy 
66 = change in movement of F 
oV = change in volume 
o1 + 2cr 3 = average pressure on the sample. 
3 
(II-4) 
Bishop (1954) disagreed with Penman 1 s view that the 
tan ¢, where ¢ equals the angle of internal friction, should 
be equal to the coefficient of friction, ~' and gave data to 
9 
support his argument. He also listed one theoretical equa-
tion developed by Caquot (1934) and two empirical equations 
developed by Hafiz (1950) relating ¢ and~' given as follows: 
l. tan ¢ : (TI/2)~ (Caquot) 




3. sin ¢ = (3/2)~ (Hafiz for plane strain, (II-7) 
taking 0 2 = 0 1 + 0 3). 
2 
He also disagreed with Penman's dilatancy correction 
equation and developed the following equation for a drained 
triaxial compression test: 
where: 
0 1 - 0 3 = deviator stress 
Wf = work done in overcoming friction 
El = major principal strain 
v = volumetric strain. 
This equation may also be written as follows: 
tan2 (45 + ¢r/2) = (0 1 '/a 3 1 )max - 6v/6E 1 
where: 
¢r = angle of friction computed after the 
dilatancy component is deducted 
ov = rate of change in volumetric strain 
(II-8) 
(II-9) 
oE 1 = rate of change in major principal strain. 
Another approach to determining the angle of internal 
friction was made by Newland and A1lely (1957). They con-
sidered the relative direction of movement of particles 
during volume increase and determined a value of friction 
angle which they called ¢f given by: 
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T ja = tan(¢£ + 8) or max n (II-10) 
(II-11) 
For a direct shear test: 
tan 8 = (ov/66)max· (II-12) 
For a triaxial test: 
I a ov 1 max tan 8 = a3 ~1 (II-13) 
a 
ov 1 + 1 max + 
a3 os1 
The angle e represents the angle of inclination of the tan-
gent of the particle contacts to the direction of the shear 
stress and is assumed a constant throughout the surface of 
sliding when the maximum shear stress has been reached. The 
friction angle ¢£ is a function of the angle of sliding 
friction, ¢~, and the amount of bridging between particles 
during shear. Higher ¢~ values tend to cause more bridging. 
This method assumes the work done in overcoming frictional 
forces is greater at the peak point than at the residual 
state whereas previous methods assumed frictional work to be 
constant. 
In a subsequent study Newland and Allely (1959) per-
formed a series of undrained tests on coarse lead shot, 
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which was the same material used in their earlier study. 
Some of the tests were a simulated undrained test in which 
the pore volume was kept constant throughout the test by 
varying the cell pressure. These constant volume tests were 
found to yield similar results to true undrained tests. It 
was found that the sample skeleton may expand even in non-
cavitating undrained tests. The volume of the sample is 
maintained constant by increased membrane penetration caused 
by the increasing effective minor principal stress. This 
causes the measured cohesion intercept, corresponding to 
the ¢ = 0 condition, to be less than the true value. The 
ratio of measured cohesion to true cohesion for the coarse 
lead shot was about 0.6. This ratio would probably be 
closer to unity for materials finer than coarse sand, and 
can be made closer to unity by using thicker membranes and 
larger samples. 
Rowe (1962) considered the forces between particles 
and derived equations relating the stress ratio applied to 
an assembly of particles, the true physical angle of fric-
tion ¢ , the geometry of the particle arrangement and the ]1 
rate of change of volumetric strain relative to the rate of 
change of longitudinal strain. 
For regular packings, Rowe found that, whatever the geo-
metrical arrangement, the stress ratio at the peak strength 
and during subsequent states of deformation was related by: 




~ = packing characteristic of the ideal assembly 
B = deviation of the tangent at the contact points 
from the major principal direction. 
derived an energy ratio given by: 
. 
ol'sl 01 l tan(cpl-l + S) . 
E (II-15) = = = 
2o3t£3 0 3 I (1 + dV ) tan B 
where: 
v£1 
an expression equivalent to ov/os1 which is 
the rate of change of volumetric strain re-
lative to the rate of change of longitudinal 
strain. Natural volumetric and natural lon-
gitudinal strains are used in this term. 
In the energy ratio equation the packing characteristic 
of the ideal assembly had disappeared, so Rowe proceeded to 
derive the critical angle of sliding for a random assembly 
of particles. He assumed the energy ratio to be a minimum 
and found the critical angle to be 45-¢1-l/2. This term sub-
stituted into the energy ratio gives: 
. 
E = = 
0 I 
1 
0 3 I (1 + d~ ) 
VEl 
Rowe's experiments on randomly packed masses of steel, 
glass and quartz particles at various void ratios showed the 
minimum energy ratio to be closely obeyed by highly dilatant, 
dense, over-consolidated and reloaded assemblies throughout 
deformation to failure. For higher void ratios the angle of 
friction, after the effects of dilatancy had been removed, 
still exceeded the angle of sliding friction. From Rowe 1 s 
work it may be concluded that for most of the range of void 
ratios there are three components of the strength of granu-
lar materials: (1) Strength mobilized by frictional resis-
tance; (2) strength developed by energy required to re-
arrange and reorient the particles; and (3) strength devel-
oped by energy required to cause volume expansion or dila-
tion. 
In order to describe the behavior of a granular mater-
ial in triaxial compression, with an attempt to account for 
the three components of strength as given above, Tinoco and 
13 
Handy (1967) used plots of cr 1 '/cr3 ' - (1 + ov/os 1) versus 
cr 1 '/cr3 ' + (1 + ov/os1). If the plot is a straight line, the 
slope and intercept can be determined. The slope is given 
as tan 1/J which equals sin ¢s where ¢s is the angle of solid 
friction. The intercept is given as QTC which is an inter-
ference parameter that depends on the amount of rearrange-
ment of particles. TC represents triaxial compression. 
To investigate the drained strength characteristics of 
sands Lee and Seed (1967) performed drained triaxial com-
pression tests on a fine sand at confining pressures up to 
2 140 kg/em . They found the shearing resistance to be com-
posed of three components: sliding friction, dilatancy, and 
particle crushing and rearranging. At low pressures di-
latancy causes a significant increase in the angle of fric-
tion and accounts for the high angle measured for dense 
sands. At medium pressures crushing and rearranging part-
ially offset the reduced effects of dilatancy but not enough 
14 
to prevent a flattening of the failure envelope. At high 
pressures crushing and rearranging plus a possible small in-
crease in friction cause the failure envelope to cease flat-
tening and to rise at a more or less constant slope, which 
if extended backwards would approximately pass through the 
origin. 
The critical confining pressure vs. void ratio after 
consolidation curve was constructed, from which a failure 
envelope for samples showing no volume change at failure 
could be constructed. This envelope was compared with 
failure envelopes corrected for dilatancy by Bishop's and 
Rowe's equations and was found to be in good agreement with 
Bishop's envelope but slightly higher than that obtained by 
Rowe's approach. 
To complete the study Seed and Lee (1967) measured the 
undrained strength characteristics of the same fine sand. 
The undrained strength envelopes (total stress basis) were 
compared with envelopes predicted from drained test results. 
The agreement was in general good with a small deviation 
between the consolidated-undrained envelopes for loose 
samples. The undrained strength of noncavitating samples 
could be satisfactorily predicted from a knowledge of the 
critical confining pressure and the angle of friction cor-
responding to constant volume conditions. This method of 
prediction utilizes the assumptions that the critical con-
fining pressure vs. void ratio relationship is unaffected by 
stress history and that there are no volume changes at all 
15 
in a sample which shows no volume change at failure. Even 
with these assumptions the authors conclude that this method 
of prediction is probably sufficient for most practical 
purposes. 
The critical confining pressure vs. void ratio after 
consolidation relationship was determined from observations 
of pore pressure changes in undrained tests and from obser-
vations of effective minor principal stresses in noncav-
itating undrained tests. These curves together with the 
same relationship previously determined from observations of 
volume changes in drained tests were found to be in close 
agreement over the entire range of void ratios with the 
greatest discrepancy in the loose sand range. 
The effective stress conditions at failure in noncav-
itating undrained tests provide a means of determining the 
effective stress failure envelope for constant volume con-
ditions. The envelope determined in this manner was found 
to be in good agreement with the envelopes of failure de-
termined by deducting dilatancy effects from the results of 
drained tests on dense sand and in excellent agreement with 
that determined by drained tests showing no volume change at 
failure. 
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III. RESEARCH PROGRfu~ 
A. Material 
The glass for this investigation consisted of dispos-
able bottles of various types, sizes, shapes and colors. 
Prior to crushing, the bottles were washed to remove dirt 
and labels and allowed to dry. All crushing was done in a 
Los Angeles abrasion machine which is a ball mill type crush-
er. When the material was removed from the crusher, it was 
sieved by hand into four basic fractions - between #4 and 
#10, between #10 and #40, between #40 and #200 and minus 
#200 (numbers refer to U. S. Standard sieve numbers). The 
particle shape was very angular for the particles with ap-
proximately equal dimensions. A large percentage of flat or 
flake shaped particles existed especially in the smaller 
sizes. 
A dry sieve analysis was not sufficient to define the 
grain size distribution, because some of the fine particles 
would not separate from the larger ones. A wet sieve anal-
ysis was performed on each of the three coarser fractions, 
and a hydrometer analysis was performed on the minus #200 
fraction. Results are given on the mechanical analysis 
chart, Fig. 1. The #40 to #200 fraction actually contained 
about 20 percent of minus #200 material. The results of the 
hydrometer analysis may not represent the true particle dia-
meters due to the fact that calculations are based on the 































Grain Size in Millimeters 
FIGURE 1. MECHANICAL ANALYSIS CHART 
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It was desired to test two gradations representing a 
uniform and a well-graded material. The #10 to #40 fraction 
was selected as the uniform gradation (coefficient of un-
iformity equalled 2.34, coefficient of curvature equalled 
1.02). A combination of the three coarser fractions was 
used to obtain a particle distribution meeting the criteria 
of a well-graded material. The combination used was 50 per-
cent #4 to #10, 30 percent #10 to #40 and 20 percent #40 
to #200 (coefficient of uniformity equalled 13.1, coeffi-
cient of curvature equalled 1.59). The grain size distribu-
tion for the well-graded material is also plotted in Fig. 1. 
The specific gravity, taken as the average of three 
tests, one test on each of the three coarser fractions, was 
found to be 2.50. 
Limiting void ratios were determined for the two grad-
ations. The loosest condition was obtained by slowly depos-
iting the material from a small height with no subsequent 
movement of particles or vibration. The densest condition 
was obtained by placing the material in small layers and 
rodding and vibrating each layer. The resulting void ratios 
for the uniform loose and dense and well-graded loose and 
dense conditions are 1.00, 0.63, 0.72 and 0.30, respectively. 
B. Testing Program 
The testing program consisted of a group of consoli-
dated drained and a group of consolidated undrained triaxial 
tests on each of the two gradations. Each group of tests 
consisted of series of tests at a loose, medium and dense 
19 
condition. Each density condition was tested at five dif-
ferent consol.idation pressures. Table I lists the tests 
which were performed and gives the code system which will be 
used in referring to test results. A wet sieve analysis was 
performed on representative dense samples after testing to 
determine the amount of particle breakdown. 
C. Research Equipment 
The triaxial tests were conducted with a Wykeham Far-
ranee hydraulic system (model no. 004), volume change device 
(model no. VCl), dashpot (model no. 001) and triaxial cell 
(model no. T67). A 11Perspex" null-indicator (Bishop and 
Henkel (1962)) was used for measuring pore pressure in the 
undrained tests. Deviator load and deflection were measured 
respectively by a Mercer loading ring (no. 63254) and a 
Standard .001 in./division dial gage (no. 1211). A Farnell 
constant rate of feed testing machine was used for applying 
the deviator load. 
D. Test Procedure 
Samples were prepared ln a 1.4 inch diameter split 
sample former. One thick (0.020 inch) rubber membrane was 
used for all samples except for two of the undrained tests 
on the dense well-graded material. Two membranes were used 
for these tests, because of the large load carrying cap-
acity. A rubber vacuum jacket was placed around the former 
while the samples were being made to insure a uniform dia-
meter of 1.4 inches. A porous stone was placed at the bot-
tom of the samples to allow for drainage or pore pressure 
20 
TABLE I 
CODE SYSTEM FOR TESTS PERFORMED 
Test Type Cons. & Dense Medium Loose 
Material Press 
10 UDD-10 UMD-10 ULD-10 
s 25 UDD-25 UMD-25 ULD-25 
"d :;.... 
(l) 0 
~ l.H 50 UDD-50 UMD-50 ULD-50 ·r-i •r-i 
ro ::::1 
?-< ::::J 
(:::! 75 UDD-75 UMD-75 ULD-75 
100 UDD-100 UMD-100 ULD-100 
10 WDD-10 WMD-10 WLD-10 
"""d 
CD 25 WDD-25 IVMD- 25 WLD-25 
"""d 
"d ro 
(L) ?-l 50 WDD-50 WMD-50 WLD-50 ~ (.!:) 
•r-i I 
ro .--{ 
?-< .--{ 75 WDD-75 WMD-75 WLD-75 (:::! (J.) 
;s: 
100 WDD-100 WMD-100 WLD-100 
10 UDU-10 UMU-10 ULU-10 
"d 25 UDU -25 UMU -25 ULU-25 (L) s 
~ ?-l 
·r-i 0 
ro '-H 50 UDU-50 UMU -50 ULU-50 :;.... •r-i 
"d ::::1 
~ ::::J UMU -7 5 ULU-75 0 75 UDU -7 5 
100 UDU-100 UMU-100 ULU-100 
10 WDU -10 WMU-10 WLU-10 
"""d 
"d (J.) 25 WDU-25 WMU- 25 WLU- 25 
(L) """d 
~ o:l 
•r-i ?-l 50 WDU-50 WMU -50 WLU-50 ro (.!:) 
?-< I 
'""d r-1 75 WDU-75 WMU -75 WLU -7 5 !=: r-1 
::::J (J.) ;s: 
100 WDU-100 WMU -100 WLU-100 
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measurements. 
The weight of dry material needed to make a sample with 
height equal to the height of the former was weighed prior 
to beginning to form the sample. The uniform material was 
deposited either wet or dry in water in the membrane. All 
well-graded material was deposited dry in water in the mem-
brane to prevent washing away the finer particles. 
For the uniform material, the loosest condition could 
be obtained by slow deposition with no disturbance. The 
medium condition could be obtained with moderate redding. 
The most dense condition could not be obtained due to damage 
to the membrane from vigorous rodding and vibration would 
damage the rubber vacuum jacket. A condition slightly 
looser than the most dense was used which could be obtained 
by placing the material in small layers and redding the cen-
tral portion of each layer. There was no apparent segre-
gation for any of the density conditions. 
For the well-graded material the loosest condition 
could not be obtained even with slow, careful placement of 
the material. The medium condition could be obtained with 
very light redding. The most dense condition again could 
not be obtained for the same reasons as given for the uni-
form material. The dense condition was produced in the same 
manner as for the uniform material. There was a small 
amount of segregation in some of the samples, especially in 
the dense condition. The amount of redding needed to pro-
duce the dense condition caused a higher concentration of 
fine material in the lower portion of the sample. 
After the sample was formed, the loading cap was plac-
ed, a small negative pore pressure was applied to keep the 
sample in place, the sample former removed and the dimen-
sions of the specimen recorded. Sample heights varied from 
2.62 to 2.72 inches, giving height to diameter ratios of 
1.87 to 1.94. Most of the samples for both gradations had 
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a slight restriction under the loading cap due to the loose 
condition of a thin layer at the top of the sample. This 
condition resulted from the lack of lateral confinement and 
overburden at the top of the former. The cell was then 
assembled, and the sample was ready for testing. All tests 
were performed with a back pressure (minimum of 25 psi). 
Back pressure was used to insure fully saturated samples and 
was also needed in the undrained tests for measuring pore 
pressures. 
The samples were allowed to consolidate under an iso-
tropic pressure and then failed by an increasing axial 
stress. All tests were conducted at a deflection rate of 
0.02 in./min. 
A bulging type of failure was observed in all samples 
with the bulge usually restricted to the central portion of 
the sample. This illustrates the effect of using friction 
ends. In some of the dense well-graded samples the bulge 
was shifted to the upper portion of the sample, probably 
because of the segregation produced by rodding combined 
with the restriction under the loading cap. 
There were some problems with punctured membranes. 
Most of the problems came from the loose and medium well-
graded samples which had a rough surface with some of the 
larger particles adjacent to the membrane. At the higher 
pressures used, the membrane would wrap around the indiv-
idual particles and be pinched during the test. The dense 
well-graded samples had a smooth surface but caused some 
punctures during the undrained tests due to the high ef-
fective stresses. 
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IV. DISCUSSION OF TEST RESULTS 
A. Volume Change During Consolidation 
Changes in volume under an all-round pressure are im-
portant, because the material behavior during shear is de-
pendent on the density condition of the sample at the end 
of consolidation. 
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Volume changes during consolidation were measured for 
all samples. The procedure was to first apply the cell 
pressure by means of a dashpot with the drainage line closed. 
Back pressure was then applied to the base of the cell, and 
an initial reading was taken on the volume change device. 
At this time the drainage line was opened, and the sample 
was allowed to consolidate for approximately thirty min-
utes after which another volume reading 1.-ras made. All 
measurable volume changes occurred in a much shorter time 
than that allowed for drainage. 
Some volume increases were observed during consolida-
tion, especially at the lower pressures. Volume increases 
during consolidation are not representative of the material 
behavior. The increases in volume are probably due to 
either small amounts of air in the hydraulic system and ln 
the sample or to a rebound of the rubber membrane when the 
back pressure was applied. It is possible that at low con-
solidation pressures both of these reasons may play a part 
in the volume increases. 
To correct this problem volume change vs. consolidation 
pressure curves were drawn through the points believed to 
be reliable, and volume changes due to consolidation were 
taken from these curves. The corresponding consolidation 
pressure vs. void ratio curves for all samples are shown 
in Fig. 2. 
B. Stress Ratio-Strain-Volume Change Characteristics 
A representative number of stress ratio-strain-volume 
change curves for the drained tests are presented in Figs. 
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3 through 6. Each figure contains the data for the three 
tests performed on a given gradation at a particular con-
solidation pressure. Stress is plotted in terms of effec-
tive principal stress ratio. Strain and volume change are 
represented as engineering principal strain, in percent, and 
engineering volumetric strain, in percent. 
Effects of varying density may be observed on an 
individual graph, and effects of varying consolidation pres-
sure may be observed by comparing corresponding graphs for 
tests having the same density. For a given consolidation 
pressure decreases in density reduce the brittleness of the 
stress ratio-strain curves, increase the strain to failure 
and decrease the amount of dilation. For a given density 
the same trends are displayed by increases in consolidation 
pressure. Similar trends were noted by Lee and Seed (1967) 
for Sacramento River sand. 
This material developed rather high stress ratios and 
large strains at failure for both gradations. Failure was 
defined as the point of maximum principal effective stress 
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consolidation pressures the well~graded glass, in general, 
developed higher stress ratios at failure than the uniform 
gradation. The well-graded gradation had more particle con-
tacts per cross-sectional area than the uniform gradation. 
Therefore, for a given load, the stress per particle con-
tact was less in a well-graded sample. The well-graded 
glass could thus carry more load prior to failure. Better 
interlock in the well-graded material may also have contri-
buted to the increased load carrying capacity. 
There may be some error in these curves caused by the 
type of failure. The area correction formula from Bishop 
and Henkel (1962) was based on the sample deforming as a 
right circular cylinder. This was not the case with the 
crushed glass because it exhibited bulging type failures 
that were restricted to the central portion of the samples. 
This type of failure is partially due to the use of low 
height to diameter ratios combined with friction ends. 
This caused the calculated major principal effective 
stresses to be too high in the central part of the samples. 
The volumetric strains were not representative of the vol-
ume changes in the failure zone either. Volumetric strains 
were calculated as a change in volume divided by the entire 
volume of the sample when actually the change in volume was 
occurring only in the bulging zone. This caused the calcu-
lated volumetric strains to be too low in the central part 
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C. Stress Ratio-Strain-Pore Pressure Change Characteristics 
For most samples the pore pressure did not change along 
a smooth curve. There were periodic surges probably caused 
by particle rearrangements. The pore pressure surges were 
instantaneous changes that often occurred between readings. 
The changes in pore pressure for two tests are plotted in 
Fig. 7. This serves to illustrate representative magnitudes 
and distributions of the pore pressure surges. 
A representative number of stress ratio-strain-pore 
pressure change curves are presented in Figs. 8 and 9. 
Stress is plotted in terms of effective principal stress 
ratio, and strain is plotted as engineering principal 
strain. Pore pressure change is represented as change in 
pore pressure divided by the consolidation pressure. 
The surges in pore pressure caused corresponding jumps 
in effective principal stress ratio. The uneven appearance 
of the stress ratio-strain curves created difficulties in 
defining failure. Failure was selected as the peak of the 
first jump and will be discussed in more detail in a later 
section. 
The stress ratio-strain curves did not have as well 
defined trends as those for the drained tests. Changes in 
density and consolidation pressure had less effect on the 
effective principal stress ratio at failure than for the 
drained tests. In general, the well~graded glass developed 
higher stress ratios at failure than the uniform gradation 
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D. Modulus of Deformation 
A representative number of stress-strain curves are 
presented in Figs. 10 through 13. Stress is plotted in 
terms of deviator stress, and strain is plotted in terms of 
engineering principal strain. The data presented is for all 
tests performed at consolidation pressures of 25 psi. The 
stress-strain relationships are curved at all strain levels· 
and therefore do not exhibit a truly elastic portion. 
The modulus of deformation is analogous to the modulus 
of elasticity and is calculated from the straight line por-
tion of the stress-strain curve if a straight line portion 
exists. For a curved stress-strain relationship the 
modulus depends upon the coordinates of the stress-strain 
curve at which it is calculated. 
The modulus of deformation was calculated as the 
secant modulus at one percent strain. This strain level was 
arbitrarily chosen as a convenient point for computing the 
modulus. Use of a smaller strain level would result in 
higher values while use of a larger strain level would re-
sult in lower values. 
The variations of modulus with consolidation pressure, 
gradation, density and drainage condition are illustrated 
in Figs. 14 and 15. There was a considerable amount of 
scatter in the data points. The changes in modulus with 
respect to consolidation pressure may not be linear but are 
shown as such for lack of a better representation. For 
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given gradation and drainage conditions: (a) the modulus 
increased linearly with increasing consolidation pressure at 
constant density; and (b) the modulus increased with in-
creasing density at constant consolidation pressure. For 
corresponding conditions: (a) the drained tests resulted in 
a higher modulus than the undrained tests; and (b) the well-
graded glass did not possess a significantly higher modulus 
than the uniform gradation. 
To determine a value of modulus of deformation for a 
design problem would require a complete set of stress-
strain curves; a knowledge of the in situ gradation, density 
and drainage condition; and values of the field stresses. 
The field stresses determine the point on the stress-strain 
curve at which the modulus should be computed. Yoder (1959) 
suggests that a lateral pressure of 20 psi is commonly used 
for calculating the modulus of deformation for use in flex-
ible pavement design. 
E. Shear Strength For Drained Tests 
Failure was defined as the points of maximum principal 
effective stress ratios from the stress ratio-strain curves. 
The stress ratios at failure were then used to compute shear 
strength information. 
Shear strength data may be presented in the form of 
Mohr circles and corresponding failure envelopes, but the 
same information can be shown without the cluttering of 
circles by using p-q plots as given by Lambe (1964). The 
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p-q plot is equivalent to plotting the peak points of the 
Mohr circles corresponding to the stresses on a 45 degree 
plane. For a straight line p-q plot the parameters are the 
intercept, a, and the slope of the line, W· These para-
meters may be converted to the more conventional c and ¢ 
parameters according to the following relationships: tan w 
sin¢; c a/cos ¢. 
Fig. 16 is presented as a representative example of 
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p-q plots. All shear strength parameters are listed in 
Table II. The measured angles increase with increasing 
density and are higher for the well-graded glass than for 
the uniform gradation. Increasing the density for a given 
gradation or going from a uniform to a well-graded gradation 
produced more particle contacts per cross-sectional area 
of sample and also yielded a more highly dilatant state. 
More particle contacts allowed the samples to carry more 
load prior to failure. The more highly dilatant samples 
required more energy to be used for producing volume 
changes. The increases in angles are thus attributed to 
larger numbers of particle contacts and to higher dilatancy. 
Lee and Seed (1967) calculated the friction angles for 
Sacramento River sand for low pressures. The angle of 34° 
for loose sand is within the range of values measured for 
the uniform· crushed glass, and the angle of 41° for dense 
sand is within the range of values measured for the well-
graded glass. 
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SHEAR STRENGTH PARAMETERS 
FOR DRAINED TESTS 
a 1jJ c <P Test (Psi)_ 
_(Deg:reesl (Psil (D e p- r e_e_s_l 
ULD 8. 0 27.5 9.4 31.4 
UMD 7. 5 30.0 9.2 35.3 
UDD 7.5 30.3 9.2 35.7 
WLD 4.0 31.5 5.0 37.8 
WMD 7.5 32.0 9.6 38.6 
WDD 7.5 34.3 10.2 43.0 
material. The measured intercepts are higher and more con-
sistent than can be attributed to random experimental de-
viations. The cohesion intercepts may be explained as the 
result of decreasing effective principal stress ratios at 
failure with increasing consolidation pressures for a given 
density condition. These decreasing stress ratios rotated 
the failure envelopes in such a manner as to produce a 
cohesion intercept even though no true cohesion existed. 
Another approach to presenting the shear strength 
data is to calculate the maximum friction angle developed 
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in each test from the stress ratio at failure assuming no 
true cohesion. The maximum friction angle may then be plot-
ted against the void ratio after consolidation. Fig. 17 
illustrates this plot for the drained tests at three dif-
ferent consolidation pressures. The graph clearly displays 
the decreasing stress ratios at failure (reflected in lower 
maximum friction angles) with increasing consolidation pres-
sure for a given density. The graph also illustrates the 
decreasing maximum friction angle with increasing void 
ratio which is the same trend illustrated by Scott (1963) 
for a sand. If dilatancy effects were removed, the varia-
tion of maximum friction angle with consolidation pressure 
would be much less. 
The measured friction angles may be attributed to three 
factors: (1) dilatancy (or volume change effects) which is 
a mathematical expression and not directly related to the 
phenomenon occurring within a sample, (2) sliding friction, 
Tests 
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FIGURE 17. ¢m VS. VOID RATIO AFTER CONSOLIDATION 
and (3) particle crushing and rearranging. The component 
due to sliding friction may be considered constant for a 
given material. In a drained test the measured volume 
49 
changes are the result of particle crushing and rearranging. 
In an undrained test the volume of the sample is main-
tained constant; thus, dilatancy effects are eliminated. 
There can still occur internal volume changes due to 
particles moving one over another. One portion of a sample 
may be expanding while another portion is contracting in 
order to maintain a constant volume for the whole sample. 
The measured friction angle in an undrained test is thus 
due only to sliding friction and particle crushing and re-
arranging. 
The volume change devise used for the drained tests 
had a sensitivity of.about 0.05 cm3 . Smooth volumetric 
strain vs. axial strain curves were drawn with this degree 
of sensitivity. A small scatter in volumetric strain 
readings produced a much larger scatter in the dilatancy 
correction term, ov/oc 1 . This term was found to fluctuate 
considerably which caused corresponding fluctuations in 
Bishop's (1954) and Rowe's (1962) dilatancy correction 
formulas. These fluctuations combined with volume changes 
considered to be nonrepresentative of the failure zone 
precluded the use of the correction formulas in this in-
vestigation. Failure envelopes corrected by these formulas 
were considered to be unreliable. Much more accurate volume 
change readings, on the order of 0.001 cm3 , are needed in 
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order to successfully apply the correction term. 
The plots used by Tinoco and Handy (1967) also utilize 
the same volume change correction term. There was some 
scatter in the data points, but an approximate straight line 
could be drawn for each test. The plots resulted in very 
high angles of solid friction and some negative interfer-
ence parameters which should not occur. The angle of solid 
friction varied with consolidation pressure. This analysis 
should result in a series of parallel lines with positive 
interference parameters with the angle approximately equal 
to the angle of sliding friction. These plots obviously 
yielded no useful information probably due to the same 
errors that prevented the use of the Bishop's (1954) and 
Rowe's (1962) correction terms. 
F. Shear Strength For Undrained Tests 
The difficulties in defining failure points on the 
effective principal stress ratio-strain curves for the un-
drained tests have been mentioned in an earlier section. 
An attempt to analyze the shear strength behavior based on 
the maximum effective principal stress ratios resulted in 
considerable scatter in the total stress Mohr circles and 
in effective stress friction angles that were, in general, 
two to three degrees higher than those determined from the 
drained tests. This analysis indicated that the maximum 
effective principal stress ratios were too high to corre-
late with the results of the drained tests and was there-
fore eliminated from the discussion. 
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The justification for choosing a different failure 
point may be examined by plotting a few stress paths. A 
stress path is an effective p-q plot which includes points 
throughout a test, not just the failure point. Figs. 18 and 
19 illustrate two pair of stress paths for corresponding 
drained and undrained tests. The stress paths for the un-
drained tests are initially curved but later in the test 
change into a straight line portion. The point at which 
this change occurs is the place where the sample has reached 
its failure envelope in terms of effective stresses. For 
the remainder or the test the stress path is merely travel-
lug along the failure envelope. 
The coordinates of the effective principal stress 
ratio-strain curves which best correlated with the points 
where the stress paths first reached the failure envelopes 
were found to be the peak points of the first jumps in the 
curves. These points were thus used to represent failure 
conditions for analyzing shear strength behavior. The 
periodic surges in pore pressure were caused by particle 
rearrangements as the stress paths traveled along the fail-
ure envelopes. If the failure envelopes defined by the 
stress paths were extended backward, they would approx-
imately pass through the origin. This illustrates that on 
an individual test basis the cohesion intercept is zero 
thus indicating that no true cohesion exists. 
Shear strength behavior was analyzed in the form of 
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for the drained tests. Fig. 20 was included as a represen-
tative example. All shear strength parameters were listed 
in Table III. All undrained tests consisted of the non-
cavitating consolidated-undrained variety. 
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Each total stress envelope represents the gain in 
strength with increasing consolidation pressure. The in-
creased strength is due to decreasing void ratios after con-
solidation at increasing consolidation pressures. The trends 
displayed by the various envelopes include higher cohesion 
intercepts and higher friction angles with increases in 
density for a given gradation and higher friction angles 
for the well-graded material than for the uniform gradation. 
The effective stress friction angles from the undrained 
tests correlate within one degree with the corresponding 
friction angles from the p-q plots of the drained tests. 
Dilatancy effects were not removed from the drained test 
results; therefore, there is no reason why the angles should 
correlate so well. The cohesion intercepts of the effect-
ive stress envelopes are smaller than those from the drain-
ed tests. The absence of dilatancy effects should elimin-
ate the trend of decreasing effective principal stress 
ratios at failure with increasing consolidation pressures 
and therefore result in cohesion intercepts equal to zero. 
The magnitudes of the cohesion intercepts are within the 
range of experimental errors and personal preference in 
drawing the failure envelopes. 
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SHEAR STRENGTH PARAMETERS 
FOR UNDRAINED TESTS 
a 1J! c ¢ Test (Psi) (Degrees) (Psi) CDaurP.f'~l 
ULU 
Total 12.5 11.4 12.8 11.6 
Effective 3.5 28.0 4.2 32.2 
UMU 
Total 19.0 13.6 19.6 14.0 
Effective 2.6 30.0 3.2 35.3 
UDU 
Total 17.0 16.0 17.8 16.7 
Effective 2.0 30.5 2.4 36.1 
WLU 
Total 10.0 16.0 10.4 16.7 
Effective 2.0 31.1 2.6 37.2 
WMU 
Total 10.5 21.0 11.2 22.6 
Effective 2.5 32.3 3.2 39.3 
WDU 
Total 10.0 25.2 11.4 28.1 
Effective 0.0 33.9 0.0 42.2 
ive stress ratios at failure for each test did not follow 
the same trends previously discussed for the drained tests. 
The difference between the tests was that the undrained 
tests were constant volume tests while the drained tests 
allowed volume changes. Therefore, the friction angles 
from the undrained tests did not contain the effects of 
dilatancy. The computed angles displayed some fluctuations 
but were approximately constant for a given gradation. 
The angles appeared to be independent of consolidation 
pressure. Average values for each density condition in-
o dicated an increase in friction angle of 1.0 for the uni-
form gradation and 1.1° for the well-graded glass caused by 
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changing the void ratio from loose to dense. Average values 
for all undrained tests were computed as 38.6° for the uni-
form gradation and 41.7° for the well-graded glass. These 
values are shown in Fig. 17. The constant volume friction 
angles were independent of dilatancy effects and, there-
fore, may be attributed to other factors such as sliding 
friction and particle crushing and rearranging. The higher 
constant volume angle for the well-graded material and the 
slight trend of increasing angle with increasing density 
for each gradation may be attributed to more energy re-
quired for particle rearranging due to better interlock. 
Seed and Lee (1967) determined the constant volume friction 
angle for all noncavitating undrained tests performed on 
Sacramento River sand to be 36°. Their tests included re-
sults from normally and overconsolidated samples, loose and 
dense sand, and high and low confining pressures. 
G. Particle Crushing 
In order to determine the amount of particle break-
down during shear wet sieve analyses were performed on re-
presentative dense samples after testing. The resulting 
grain size distribution curves are presented in Fig. 21. 
The results indicate no appreciable amount of particle 
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From the results of this invest.igation~ the main con~ 
elusions may be stated as £ollow~: 
1. For the crushed glass used in this study, the be-
havior in drained and undrained triaxial shear appeared to 
be similar to that of an angular sand. 
2. Therefore, it may be feasible to use crushed glass 
in the place of sand for construction of pavements. 
In addition the following conclusions seem warrented: 
3. For the drained tests decreases in density or in~ 
creases in consolidation pressure reduced the brittleness 
of the stress ratio~strain curves, increased the strain to 
failure and decreased the amount of dilation. 
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4. For the drained and undrained tests the well~graded 
glass developed higher effective principal stress ratios 
at failure for corresponding relative densities and con-
solidation pressures than the uniform gradation. 
5. The modulus of deformation increased with increas~ 
ing consolidation pressure, increased with increasing den-
sity, was higher for the drained than the undrained tests, 
and was not significantly different for the two. gradations. 
6. The shear strength analysis for the drained tests 
resulted in friction angles from the p~q plots that increas~ 
ed with increasing density and were higher for the well~ 
graded glass than for the uniform gradation. 
7. Effective stress friction angles from p-q plots for 
the undrained tests correlated well with correspondi~g 
angles from the drained tests. 
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8. The slope of the total stress envelopes ;for t.he un-
drained tests displayed the_ gain in strength due to con-
solidating at increasing pressures. 
9. The total stress envelopes for the undrained tests 
displayed higher cohesion intercepts and higher friction 
angles for increases in density and higher friction angles 
for the well-graded material than for the uniform glass. 
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VI. RECOMMENDATIONS 
This investigation has pointed out a number of problems 
and areas that need further study. Some of these may be 
listed as follows and could be included in future research. 
There is a need for: 
1. A better technique for producing uniform samples 
with respect to reproducible density and lack of segregation. 
2. More accurate volume change measurements. 
3. A better area correction formula for a bulging type 
of failure. 
4. The use of frictionless ends to reduce errors in 
volumetric strains and corrected areas. 
5. Investigations of different methods of crushing. 
6. Testing of different gradations. 
7. A combination of direct shear tests with triaxial 
compression tests in order to indicate anisotropic strength 
properties. Anisotropic strength could result from having 
a large percentage of flake shaped particles oriented in 
the horizontal direction by the compaction process. 
8. A study of the strength and particle breakdown 
characteristics under repeated loading. Repeated loading 
would occur if crushed glass were used under a flexible 
pavement. 
9. Economic studies to determine the cost of collect-
ing and crushing disposable bottles. 
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